Thermal voltage noise measurements are performed in order to determine the electron temperature in nanopatterned channels of a GaAs/AlGaAs heterostructure at bath temperatures of 4.2 and 1.4 K. Two narrow two-dimensional (2D) heating channels are connected by a quasi-1D quantum interferometer. Under dc current heating of the electrons in one heating channel, we perform cross-correlated noise measurements locally in the directly heated channel and nonlocally in the other channel, which is indirectly heated by hot electron diffusion across the quasi-1D connection. The temperature dependence of the electron energy-loss rate is reduced compared to wider 2D systems. Under nonlocal current heating, which establishes a thermal gradient across the quantum interferometer, we show the decoherence in this structure by Aharonov-Bohm measurements.
I. INTRODUCTION
In recent years, research activities in the field of nanostructured materials have been increasingly focused on thermoelectric properties and thermal non-equilibrium.
1
In particular, the creation and detection of thermal gradients and the determination of lattice and charge carrier temperatures at the nanoscale remain crucial issues. Semiconductor heterostructures may be prepared as model systems for thermoelectric investigations representing two-dimensional (2D), 1D, and 0D charge carrier systems. Electrical thermometry methods have been implemented on the basis of resistance and mobility measurements, 2-4 Shubnikov-de Haas (SdH) measurements, [5] [6] [7] [8] [9] quantum point contacts (QPCs), [9] [10] [11] [12] and quantum dots (QDs) [13] [14] [15] for such low-dimensional systems. However, most of these methods are applicable only at temperatures below roughly 20 K. Thermometry via mobility measurements is limited due to the contribution of impurity scattering, 6, 12 and SdH measurements require a magnetic field which alters the density of states and possibly the energy relaxation. 9 SdH, QPC and QD thermometry are limited to low lattice temperatures due to thermal smearing of the discrete energy states.
Applying the above thermometry methods enables to study the charge carrier energy-loss to the lattice, which provides fundamental information about electron-phonon interactions. Whereas much effort has been made in the field of 2D charge carrier systems, mostly in the form of wide Hall bar structures, 8, 9, 12 only a few experiments focus on the transition to 1D systems where electronphonon interactions may be altered.
16-18
Here, we apply electronic noise measurements as a direct method for the determination of the charge carrier temperature in a particularly narrow 2D GaAs/AlGaAs structure. Thermal (Johnson-Nyquist) noise measurements are applicable to different materials with a wide range of operating temperatures, such as diffusive metal films and wires, 19, 20 and semiconductors hosting high mobility 3D, 21 2D, 16 and (quasi)-1D electronic systems.
16,22
We fabricated a device consisting of a quasi-1D quantum interferometer integrated between two narrow 2D heating channels in order to create a temperature difference between the electron reservoirs (heat baths). In these reservoirs, we measured thermal noise locally and nonlocally. The interferometer allows us to study the influence of nonlocal heating on the coherence of electrons in the quantum structure.
The electron system is heated to a temperature above the lattice temperature by means of the current heating technique. 10, 23, 24 We extract the electron temperature in the narrow 2D channels for different heating currents, and we find a reduced temperature dependence of the electron energy-loss rate compared to wide 2D electron gases (2DEGs). Resistor network simulations of the thermal noise allow us to determine noise contributions of individual parts of the sample and of the external circuitry. Additionally, by Aharonov-Bohm (AB) measurements, we show a decoherence effect in the interferometer on the basis of nonlocal current heating.
II. EXPERIMENTAL DETAILS
A schematic of the device is depicted in Fig. 1(a) . The two narrow 2D heating channels are nominally identical and connected by a quasi-1D quantum ring. The device was prepared from a GaAs/AlGaAs heterostructure with a 2DEG 110 nm below the surface, using electron beam lithography and 85-nm-deep wet-chemical etching. The 2D electron density and mobility are n s = 2.07·10 11 cm −2 and µ = 2.43 · 10 6 cm 2 /Vs at T = 4.2 K in the dark.
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The heating channels -labeled 'heater I' and 'heater II' in Fig. 1 (b) -are geometrically 2 µm wide and 410 µm long. This ensures a high thermal noise signal over the background of the total parasitic noise. SdH measurements along the heating channels yield an electron density of n s = 1.84 · 10 11 cm −2 , where we attribute the deviation from the above-mentioned sheet density to the lateral confinement of 2 µm. A non-alloyed gold flake (not shown) on heating channel II remained from the liftoff process but does not influence the electron transport properties.
The quantum wires defining the ring (Fig. 1(c) ) and its leads to the heating channels are geometrically 570 nm wide. From separate measurements on simple quantum wires (widths 350 to 550 nm), as well as four-terminal resistance measurements along the quantum ring, we estimate that about 10 modes of the quasi-1D subband structure are populated in the quantum ring in equilibrium.
Noise measurements were performed in a 4 He cryostat at bath temperatures of T bath ≥ 1.4 K and recorded with an Agilent 89410A spectrum analyzer. At T = 1.4 K, the heating channels have a four-terminal resistance of R h ≈ 6 kΩ, which corresponds to a Nyquist noise of less than 10 −18 V 2 /Hz. In order to increase the noise signal of the heating channels above the noise of the spectrum analyzer (≈ 10 −16 V 2 /Hz), we used two low-noise voltage preamplifiers with a voltage gain of 10 3 (Signal Recovery 5184). Cross-correlated measurements were applied to reduce noise contributions from the preamplifiers. 25 We measured the noise spectrum along heater I in two different heating current setups allowing for local ( Fig. 1(d) ) and nonlocal ( Fig. 1(e) ) heating. In the local setup, we measured the thermal noise of heater I to which the heating current was applied. In the nonlocal setup, thermal noise was measured in heater I, while the heating current was driven through heater II on the other side of the quantum ring. The heating current was applied via a battery-driven voltage source with a 1 MΩ series resistor on each side of the source. A 1 µF capacitor to ground was attached on each side in order to reduce parasitic coupling effects.
We chose the resistance of the heating channel such that its noise contribution exceeds that of the remaining measurement circuitry. The length of the heating channels exceeds the electron phase coherence and energy relaxation lengths, which yields a diffusive transport regime, where the electron temperature T e can be deduced from the thermal white noise S V,w by means of the Nyquist formula. If heated by a current, the electrons are no longer in equilibrium with the lattice and share the heat energy among themselves through electron-electron interactions. Energy relaxation takes place via phonon emission and the diffusion to cold reservoirs.
In order to estimate individual thermal noise contributions, we simulated the sample and the circuitry in a SPICE model (Cadence PSpice). Next to the individual resistive and capacitive parts of the wiring and circuitry, the sample was segmented into discrete resistors accounting for the individual Ohmic parts of the sample, which were determined experimentally by lock-in measurements at the different bath temperatures. Noise spectra were recorded for bath temperatures in the range of T bath = 1.4 -10 K and different local and nonlocal heating currents for a frequency range of 1 Hz to 20 kHz. A recorded voltage noise spectrum S V (f ) results from an average of typically 700 sets of data.
In order to obtain the thermal noise of a heating channel S V,h or the equivalent electron temperature T e from the total noise spectrum, we analyzed the data as follows: (a) In order to take parasitic capacities C par into account, the measured noise S V,m (f ) was corrected by a first-order low-pass
2 ). We determined C par = 800 nF and 565 nF from experiments with and without the heating circuit attached, respectively. (b) The total white noise S V,w was extracted as the average value of S V (f ) in a frequency range, where no 1/fnoise was visible, i.e. from f = 15 kHz to 19.25 kHz. (c) We subtracted noise contributions of Ohmic contacts and the wide 2DEG leads S V,Ω , the heating circuitry S V,hc , and the preamplifiers S V,amp by comparison of S V,w (I h = 0) with S V,w (I h = 0). S V,amp results from the finite current noise of the preamplifiers.
All parasitic contributions S 0 add to the thermal noise of the heater S V,h :
where the latter term is valid for R in << R amp . R in is the total input resistance, and R h,eff and R Ω,eff are the effective heater and lead (ohmic contacts and wide 2DEG regions) resistances as seen by the preamplifiers. The SPICE network analysis reveals that we can assume R h,eff ≈ R h , R Ω,eff ≈ R Ω and R in ≈ R h + R Ω with a maximum error of less than 2 %. The preamplifiers with an input resistance of R amp = 5 MΩ operate at T amp = 300 K, and the factor 2 accounts for the two preamplifiers. At T bath = 4.2 K we determined R h = 6.2 kΩ and R Ω = 1.4 kΩ. The noise contribution of the heating circuit in the local setup was determined by the simulation as S 
III. EXPERIMENTAL RESULTS AND DISCUSSION
The determined total white noise S V,w for different heating currents in the local and the nonlocal setup is shown in Fig. 2(a) for T bath = 4.2 K and in Fig. 2(b) for T bath = 1.4 K. The size of the symbols represents the measurement accuracy. We ascertained that the heater resistance does not change with the heating current.
The inset of Fig. 2 (a) depicts typical noise spectra S V (f ) for different local heating currents after lowpass correction. For applied heating currents, a 1/f γ dependence (γ ≤ 1.3) is visible at f < 13 kHz. At higher frequencies, white noise dominates. With increasing current, both 1/f and white noise components increase. Here, the 1/f noise components will not be discussed, but we will consider the white noise component. above.
We will first discuss the data at I h = 0. In order to evaluate the influence of the heating circuit on the total noise quantitatively, we simulated the sample and the measurement circuitry as a resistor network, as explained above, and analyzed the thermal noise. All simulated data points S sim V,w at A, B and C are slightly lower than the corresponding measured values S exp V,w , with a maximum deviation of 8%. This systematic error corresponds to the thermal noise of a resistance < 10 Ω at room temperature and may result from parts of the measurement setup which were not accounted for in the simulation, such as the cables or a higher R amp than specified. The good agreement of S sim V,w and S exp V,w shows that the SPICE simulation is a helpful method to investigate the total noise, as well as noise contributions of single components of a complex resistor network. By applying heating currents, the white noise S V,w (I h = 0) increases with I h for both local and nonlocal heating at T bath = 4.2 and 1.4 K. The parabolic best fits in Fig. 2 (broken lines) indicate a quadratic dependence ∆S V,w ∝ I 2 h . In the local heating setup, the electrons of heater I are heated directly. In contrast, under nonlocal heating, the electrons of heater I are heated by hot electron diffusion from heater II across the quantum ring. Phonon mediated contributions to heat transfer were investigated in an additional device (same heterostructure), which possesses a gate electrode to locally deplete the electron system between two heating channels. In this device, a noise increase under nonlocal current heating could only be observed if the electron system was conducting. Once the electron system was depleted, no noise dependence on the heating current was detected. Hence, we expect phonon mediated heat transfer to be negligible in our devices at such low temperatures. Fig. 3(a) depicts T e as a function of I h for the local heating setup, as determined from Eq. 1. In addition to the measurement data (symbols), parabolic fits are displayed. In a first approximation, we observe ∆T e ∝ I 2 h , as expected for Joule heating and observed in other GaAs/AlGaAs 2DEGs. 12, 26, 27 For the nonlocal heating setup, we do not attempt an analogous determination of T e due to the unknown temperature gradient in the narrow channel.
Commonly, the current is converted to the dissipated power per electron P e = I 2 h R h /(n s A h ) with A h the area of the heating channel. In a steady state, P e is taken as the net power transfer from the electrons to the lattice P e =Q(T e ) −Q(T lat ), 8, 9, 12, 16 where T lat is the lattice temperature andQ denotes the energy-loss rate. Fig. 3(b) shows the electron temperature increase ∆T e = T e − T bath as a function of P e in a full-logarithmic graph for the local setup. The line gives the parabolic fit for T bath = 4.2 K. While ∆T e scales approximately linearly with P e for low heating powers, it deviates sig- nificantly for P e > 7 · 10 3 eV/s, since ∆T e << T lat is no longer satisfied, as discussed previously. 12 We point out that the temperature increase is almost independent of the bath temperature (T bath = 4.2 and 1.4 K). The absolute electron heating in the chosen P e -range is in good agreement with data determined via SdH measurements in GaAs/AlGaAs low dimensional electron systems.
5,16
In order to investigate the scattering mechanisms in the heated electron channel, we plot the experimentally determined data for local heating as P e (T e ) in Fig. 4 . Here, the broken lines are fits to P e = A(T n e −T n bath ) (twobath-model 2 ) and yield approximately n = 2.2 for both T bath , and A = 985 and A = 300 eV/sK 2.2 for T bath = 4.2 and 1.4 K, respectively. For T bath = 1.4 K, the data for T e > 4 K deviate from the fit and were not included in the fit. We assume T bath = T lat since the device is thermally well anchored. From the exponent of T n in the two-bathmodel, information about electron-phonon interactions can be deduced, as discussed in detail elsewhere.
8,9,12
Whereas investigations of the electron energy-loss rates in GaAs/AlGaAs 2DEGs at T lat = 1 -10 K by SdH measurements typically yield a T 2 or T 3 -dependence 5, 8, 9 , experiments on the basis of QPC thermometry showed a T 5 -behavior in the same temperature regime, as well as for temperatures in the mK-range. 9, 12 From the latter experiments, it was deduced that the dominant scattering mechanisms in the Grüneisen-Bloch regime are acoustic phonon scattering via a screened piezoelectric potential 9 or an unscreened deformation potential.
12 n = 3 suggests scattering via an unscreened piezoelectric potential. n = 2, if diffusion to cold contacts dominates the energy relaxation.
9 n = 1 is observed in the equipartition regime at higher temperatures of around 20 -40 K. The T 2.2 -dependence observed here may suggest that electrons and phonons interact in an intermediate state between the Grüneisen-Bloch and the equipartition regime. However, we point out that the 2 µm wide heating channels are particularly narrow compared with those investigated previously. Investigations of electron-phonon interactions in 2DEGs were performed in structures of typically several 10 µm width or wider. 8, 9, 12 In GaAs based devices, structures of a width less than roughly 1 µm show signatures of the 1D regime in transport, where samples of width between 50 and 300 nm yield clear quantized conductance at temperatures of a few K. 28, 29 Structures of several µm width, on the other hand, are distinct 2D systems whose fundamental parameters are investigated by SdH and quantum Hall measurements. A system of 2 µm width, as investigated here, reveals its 2D character in simple transport measurements since the subband separation of its 1D energy states is in the range of tens to hundreds of µeV and thus below the thermal smearing. However, the density of states may be slightly altered toward 1D characteristics, similar to the low-filed SdH effect. One signature for a 2D regime close to the transition to 1D is the decreased electron density in the narrow heating channels compared to wide 2D regions, as described in Sec. II.
For 1D systems, a reduction of the power law exponent n in the Grüneisen-Bloch regime was predicted [30] [31] [32] [33] and experimentally observed in etched InGaAs wires (etching widths between 25 nm and 1 µm). 17, 18 Under perpendicular magnetic fields, a reduction of n in a 2DEG has been observed, and it was suggested that the momentum transfer of electron-phonon interactions was restricted due to Landau Levels. 9 In analogy to this magnetic confinement of the electron-phonon interactions, in 1D systems the electronic confinement with its associated modification of the density of states could restrict electron scattering and thus modify the temperature dependence of electron-phonon interactions. 31, 32 In the etched, narrow heating channels investigated here, this effect may play a role. We exclude a significant contribution to the energy relaxation by the wide 2DEG leading to the Ohmic contacts since the heating channel length exceeds the hot electron diffusion length. However, the systematic investigation of the energy-loss rate dependence on the channel width, ranging from wide 2D-to narrow 1D-systems, remains a prospect for future experiments.
For the investigation of the impact of nonlocal current heating on decoherence, we applied a heating current in one heating channel and detected the decoherence by AB measurements in the quantum interferometer. The sample was cooled down in a dilution refrigerator to the base temperature of T bath = 20 mK. Noise measurements could not be performed in this cryostat. While driving the dc heating current I h through heater I, we measured the quantum ring's four-terminal resistance R 41,32 = V 32 /I 41 by lock-in technique as a function of the perpendicular magnetic field B, exploiting the AB interference effect.
34-36
Fig . 5(a) shows the oscillatory part of the magnetoresistance R 41,32 for three different I h after subtraction of the background resistance. For all traces, the resistance oscillates regularly with B with an h/e-period, in accordance to the quantum ring geometry. It is noteworthy that the oscillation phase does not change for all applied I h , i.e. phase rigidity is not lifted by current heating in this setup. 36 With increasing I h , the oscillation amplitude decreases until the AB oscillations are fully suppressed for I h > 1.2 µA.
The AB oscillation visibility v = (R max − R min )/(R max + R min ) is plotted as a function of I h in Fig. 5(b) . The approximately linear decrease of v with I h in the semi-logarithmic graph suggests the re-
, with α h the fitting parameter, L the mean length of the interferometer arms, and L φ the electron phase breaking length.
34,36
Under an applied heating current through heater I, hot electrons are created in this reservoir next to the quantum wire interferometer, and a temperature difference between the two heat baths (channel 1 and 2) is invoked (thermal gradient). This leads to the diffusion of hot electrons across the quasi-1D structure, which raises the local electron temperature in the interferometer. Previous works have investigated electron dephasing in quasi-1D AB interferometers by an increase of the lattice temperature and have shown the relation v(T lat ) = v 0 exp(−α T T lat ), which leads to L φ ∝ T −1 lat . [34] [35] [36] Here, we find L φ ∝ I −1 h , in analogy, and conclude that dephasing with I h is induced by the elevated electron temperature in the interferometer via increased electron-electron scattering and thermal averaging.
34-36

IV. SUMMARY
In conclusion, we have applied voltage noise thermometry to a particularly narrow 2D GaAs/AlGaAs electron system at bath temperatures of 4.2 and 1.4 K. Electrons were heated by the application of a dc current, and the thermal noise was measured in a crosscorrelation setup. The device consists of two heating channels (heat baths) with a quasi-1D quantum interferometer in-between. We performed local noise measurements in the directly heated channel and nonlocal measurements in the indirectly heated channel, and we found the same functional dependence of the thermal noise on the heating current in the local and the nonlocal heating setup. The indirect heating is explained by hot electron diffusion through the quasi-1D interferometer. The temperature dependence of the electron energy-loss rate of T 2.2 is lower than that observed in previous investigations at 2DEGs. This may result from the confinement of the electron system to a narrow 2DEG with a slightly altered density of states evoking restrictions in phase space of electron-phonon interactions. We demonstrate that an indirect current heating can be successfully employed as a means to establish thermal gradients between heat baths connected to (quasi-) 1D quantum circuits. The effect of indirect current heating on the electron decoherence in the quantum interferometer was investigated by Aharonov-Bohm measurements, and an exponential decay of the visibility with an increasing heating current was observed.
